Considerable attention has been devoted to in vestigations on the tautom erism of natural purines and pyrimidines, and of many of their analogues, to a large extent because of the biochemical and genetic significance of this phenomenon. A good deal of the inform ation in this field has been derived with the aid of UV and IR s p e c t r o s c o p y , extensively reviewed by Elguero et a l.1, and most widely applied in solution studies 2-4. Investigations on such tautomerism in the gas phase, and their relevance to solution studies, have been recently reviewed by B eak5. NMR methods have also been applied, with particular utility in studies on ketoenol and amino-imino tautom erism of such com pounds as uracil, cytosine, and some of their deriv atives and nucleosidesln 6~8. Additional develop ment include the use of 13C chemical shifts for evaluation of tautomer populations in purines and purine nucleosides9' 10, and of 15N chemical shifts 
Considerable attention has been devoted to in vestigations on the tautom erism of natural purines and pyrimidines, and of many of their analogues, to a large extent because of the biochemical and genetic significance of this phenomenon. A good deal of the inform ation in this field has been derived with the aid of UV and IR s p e c t r o s c o p y , extensively reviewed by Elguero et a l.1, and most widely applied in solution studies [2] [3] [4] . Investigations on such tautomerism in the gas phase, and their relevance to solution studies, have been recently reviewed by B eak5. NMR methods have also been applied, with particular utility in studies on ketoenol and amino-imino tautom erism of such com pounds as uracil, cytosine, and some of their deriv atives and nucleosidesln 6~8. Additional develop ment include the use of 13C chemical shifts for evaluation of tautomer populations in purines and purine nucleosides9' 10, and of 15N chemical shifts for establishment of site(s) of protonation on the aglycones of nucleosides u .
We present below the results of attempts of apply NMR methods to the quantitative evaluation of prototropic tautomerism, N ( l ) -H ^ N ( 3 ) -H, in the neutral forms of some pyrimidines, and the monoanionic forms of others (see Scheme 1) . The compounds selected for this study were amongst those previously investigated by optical spectro-scopic methods, so as to permit of a direct com parison of the range of application of the two proce dures.
As will now be shown, one of the interesting findings is the hitherto unreported use of vicinal proton-proton coupling constants to measurements of equilibrium tautom er populations in solution.
As in the case of optical methods, this was based on the use of the mono N ( l) -and N ( 3 ) -methyl derivatives constituting the two fixed tautomers in each system. E x p e rim e n ta l Uracil was a product of W aldhof Pharm acia (Stuttgart, G FR), 5-fluorouracil was obtained from Hoffman-LaRoche (Zurich, Sw itzerland), and 4-thiouracil was synthetized according to Ikehara et al. 12 .
1-Methyl, 3-methyl and 1,3-dimethyl uracils were prepared as elsewhere described13, as were 1-meth y l14 and 3-methyl 4-thiouracils15. The corre sponding methylated 5-fluorouracils were obtained by scaling up a previous m ethod2, based on dim ethylsulphate treatment of 5-fluorouracil in neutral aqueous medium, and crystallization of the pro ducts from aqueous methanol to give l-methyl . Isocytosine, and its two N-methylated derivatives, were prepared according to Brown and T e ite i17. P urity of all compounds was additionally checked by paper and thin-layer chromatography, as well as by their UV absorption spectra.
Aqueous solutions (in 2H20 ) of the monoanionic forms of compounds were prepared by addition of conc. NaOD ( > 9 9 .7 mol % 2H from Merck, Darmstand, GFR) to give pD ~ 12 for uracil and its N-methylated derivatives, and of conc. ammonia to give pD ~ 10.5 for 4-thiouracil, 5-fluorouracil and their methylated analogues. These pD values were selected on the basis of the known pK values for m onoanion form ation for the foregoing compounds.
1H and 13C NMR spectra were recorded on JEOL JNM -4H-100 and Bruker-90 instruments at a com mon probe temperature of 22 °C, using ~ 0.4 M solutions in 2H20 ( > 9 9 .7 mol % 2H, from Merck) for the monoanionic forms with DSS as internal standard, or in DMSO-d6 (99.5 mol % 2H, from Merck) for neutral forms with TMS as internal standard.
R esu lts and D iscu ssio n
The signals originating from the H (5 ) and H (6) protons are doublets characteristic for an AB system which may be treated as an AX system. The dis tances between the doublet components represent reasonably accurately the coupling constants 7(5 -6 ). The chemical shifts of H (5) and H (6 ) , and the coupling constants 7(5 -6 ), for the various compounds and their methylated derivatives are col lected in Tables I and II.
1H Chemical shifts
As was to be anticipated, all of the pyrimidines examined exhibited characteristic differences be tween the H (5 ) and H (6 ) From Table I it is clear that, in some instances, the chemical shifts of non-methylated derivatives, which consist of an equilibrium mixture of two tautomers, are outside the range of those for the methylated, fixed, tautomeric forms. It follows that the chemical shifts of the N-methylated forms do not correspond to those for the corresponding natural tautom ers; and this must be due to the effect, on the chemical shifts of H (5) and H (6 ), of the magnetic anisotropy of the N -CH3 . Attempts were made to evaluate the m agnitude of this effect by measuring the changes in chemical shifts due to N-methylation in the neutral forms of uracil and 5-fluorouracil (Table II) . Application of these data to correct the observed chemical shifts of H (5 ) and H (6 ) in the m onoanionic forms did not, however, lead to the expected changes in the range of chemical shifts. The m agnitudes of the estimated corrections are of the same order as the differences in chemical 
13C chemical shifts
Attention was then directed to the use of 13C diemical shifts, using as a model system uracil (and its two N-monomethyl derivatives). From the re sults, shown in Table III , it will be noted that only 
Coupling constants
From Table I it will be noted that, for all five pyrim idine system investigated, the values of the coupling constants 7 (5 -6) (Table I ). It will be noted from the table that the coupling con stants for the equilibrium mixtures of tautomers of the individual pyrim idines do, in fact, fall in the range between the coupling constants for the two, fixed, N-methylated forms of each. The resulting error in the determ ination of the populations of the two forms derives largely from the error in mea surement of coupling constants (statistical error, -0.05 H z), and from the assumption of equality of coupling constants for an N-methylated fixed tautomeric form and the corresponding natural N -H tautomer. The latter may be evaluated ap proximately, by comparison of the coupling constants for the neutral form with those for the neutral forms of the N-methylated derivatives, so as to estimate the effect of a given N-methyl on the coupling constants (see Table I I ) .
The results for 5-fluorouracil and its N-me thylated derivatives point to additivity of the changes in 7(5 -6) due to Nx and N3 methylation. It is pertinent to recall that such additivity of the in fluence of substituents in the benzene ring has been noted experim entally19, and predicted theoretical l y 20. Note from Table II that an Nj methyl group increases the value of 7(5 -6) in uracil by 0.12 Hz and in fluorouracil by 0.65 Hz, whereas an N3 metyl substituent decreases 7(5 -6) in uracil by 0.04 Hz and in 5-fluorouracil by 0.60 Hz. For uracil and 4-thiouracil anions, and the neutral forms of 2-butylthiopyrimidone-4 and isocytosine, where calculations of tautomer populations are based on measurements of proton-proton coupling constants, the corrected results differ only minimally (0 -4%) from those obtained without introducing correc tions for the N-methyl substituents. By contrast, in the case of 5-fluorouracil, where measurements are based on fluorine-proton coupling constants, the corrected results differ appreciably from the un corrected, leading to an increase in the population of the predom inant form N ( l) -H of 14%.
Comparison with R esults from Optical Spectroscopy
Monoanionic forms: In the case of uracil, the results agree with those obtained by UV spectro scopy to within 5% *. With 4-thiouracil the NMR results differ by 10% from those obtained by op tical methods. This may be due to the lower ac curacy of the optical spectroscopic methods in this instance, resulting from the following: (a) the UV absorption spctra of the two thiouracil monoanions fully overlap, so that differential spectroscopy at the limit of resolution had to be employed to estimate the tautom er populations3, and (b) the estimates from IR spectroscopy were based on the integral intensities of the C (5) = C (6) bands in 4-thiouracil and l-methyl-4-thiouracil, with accompanying er rors resulting from the fact that these bands were not adequately resolved.
In the case of 5-fluorouracil monoanions, the NMR results uncorrected for the influence of Nmethyl substituents on / (5, 6) are in agreement with those obtained by UV spectroscopy2. Introduction of this correction gives results somewhat different from those obtained by UV. However, it must be borne in mind that the corrections applied to the monoanions were those obtained for the neutral form, although it is to be anticipated that the sign of the correction will be sim ilar in the two cases. It would therefore follow that the N ( l) -H tauto mer is predominant, to the extent of about 70%.
Neutral forms: In the case of 2-butylthio-4-oxopyrimidine, the NMR results were obtained in a solvent different from that previously employed with UV spectroscopy 16. However, in non-aqueous media both methods point to the presence of only one tautomeric species, viz. N (3) -H.
For isocytosine the UV results were obtained in solutions of various polarities (aqueous d ioxane), the population of the N (3) -H tautom er increasing from 50% in aqueous medium to 100% in pure dioxane 21 and pointing to the marked influence of the dielectric constant of the solvent on the popula tions of the two tautomeric species. At room tem perature the dielectric constant of water is 80.3 and of dioxane 2.2. For 50% aqueous dioxane, with a dielectric constant of about 40, the population of the N ( 3 ) -H tautomer is about 75%. In DMSO, with a dielectric constant of 46.5, the NMR method gives a value of 70%, hence in reasonably good agreement with the value from optical methods in aqueous dioxane. It also follows that, in different solvents with sim ilar dielectric constants, the popu lations of the two tautomeric species are similar.
C oncluding R e m a rk s
For all five tautomeric pyrim idines examined here, the N ( l ) -H form exhibits a higher value of the coupling constant 7(5 -6) than the correspond ing N (3) -H tautomer. Since the values of these coupling constants are dependent on the electron density distribution in the region where the coupled nuclei are located, it is to be anticipated that the foregoing regularity is related to the type of charge distribution in each of the tautomeric forms.
From the infrared spectra of the monoanionic forms it is known that the N ( l) -H tautomer con tains the C (5) = C (6 ) double bond, whereas in the N ( 3 ) -H form this bond loses its double-bond character because of charge delocalization (see S c h e m e l). For the neutral form of 2-butyl-thiopyrimidone-4 the change in location of the C ( 5 ) = C ( 6 ) band frequency, of the N ( 3 ) -H tautomer, relative to that for the N ( l) -H, is due to its strong coupling to the C ( 4 ) = 0 and
It is the bond-order which characterizes the pro perties of a given bond. It is to be anticipated that the bond order of the bonds in the tautomer N ( l ) -H will be higher than for the N ( 3 ) -H monoanion, and this is supported by the results of calculations by the CNDO/2 method for the uracil and 4-thiouracil m onoanions22. Attempts to cor relate the bond order of pyrimidine ring bonds with the coupling constant 7(5 -6) have demon strated a linear dependence of one on the order 23, with the higher bond order corresponding to the higher coupling constant. It follows that the ob server changes in coupling constants are in accord with the proposals regarding the electronic struc tures in the vicinity of 'the C(5) = C (6 ) bond de duced from the IR spectra.
From the foregoing, and the reasonably close agreement of the results obtained with the use of coupling constants, it is clear that this procedure may be applied to measurements of prototropic tautomer populations in a wide variety of pyrimidine analogues. In some instances, e. g., 4-thiouracil monoanion, the results may be more accurate than those obtained by optical methods. In general, how ever, this procedure should be considered as com plementary to the optical methods. The NMR method also permits of measurements within the concentration range embraced by optical methods, as well as above this range by an order of m agni tude. It may consequently supplement optical methods in cases where solubility considerations are im portant, both at low or high concentrations.
The use of the NMR technique also extends the range of useable solvent systems to those, e. g., pyridine, dimethylformamide, which are unsuitable for UV or/and IR spectroscopy, a factor of some importance in studies on the role of the dielectric constant or other properties of the solvent system on tautomeric eq u ilib ria24. It should be noted, in this connection, that the 1 : 1 ratio of this two uracil monoanion tautomers by 13C chemical shifts at a concentration of about 1 M is the same as that obtained by the use of UV and IR spectroscopy in the concentration range 10~4 -1CP2 M.
The possible range of application of 13C chemical shifts calls for special comment. One of the m ajor disadvantages of this method is the large amount of substance required in view of the low natural 13C abundance. In our opinion this a serious limiting consideration. An additional drawback is the fact that the two uracil monoanion tautomers could be distinguished, and their populations evaluated, from the chemical shifts of only the C (5) carbon (see Table III ). It is even questionable whether the 13C chemical shifts could have, in this instance, been used to deduce the presence of two tautomeric species in the absence of the earlier UV and IR data on which this conclusion was based.
Similar considerations apply to the extensive data of Chenon et al. 9" 10 showing that the chemical shifts of certain carbons in purines and purine nucleosides lie outside the range of those in the N-methyl derivatives with fixed tautomeric forms. Prototropic tautomer populations [ N ( 7 ) -H ^ N (9 ) -H] were evaluated from the chemical shifts of C (4) and C (5 ), and keto-enol (or thione-thiol) tautomerism from the chemical shift of C (6 ), both based on the following considerations. Chemical shift corrections due to a methyl substituent were most marked for carbons closest to the site of tauto merism; while measurements on a variety of ana logues provided reasonable corrections for the chemical shifts of C (4) and C (5 ). An examination of their results also shows that the differences in chemical shifts, for a given carbon, between two tautom eric forms is most pronounced for a carbon adjacent to the site(s) of tautomerism.
Corrections due to methyl substituents were, in fact, usually small (~l p p m ) , and did not signifi cantly affect estimations of tautom er populations. Finally, the use of vicinal proton-proton coupling constants for determining tautomer populations might profitably be extended by the use of vicinal *H, 13C coupling constants. For the pyrimidines re ported on above, the necessary information regard ing tautom er populations should be forthcoming from the coupling constants 1H (6 ), 13C(2) and 1H (6 ), 13C (4) , as well as coupling constants via two bonds, e.g. X H (6 ), 13C (5 ). In the case of N (7) -H ^ N (9) -H tautomerism in purines, one might profit from the couplings 1H (8 ), 13C (4) and 1H (8 ), 13C (5 ), whereas keto-enol (or thione-thiol) tautomerism could be established from the couplings *H (2), 13C (6) and ^( 2 ) , 13C (4 ) . The use of proton-carbon couplings does, of course, suffer from the disadvantage (see above) that it requires in ordinately high concentrations for recording of the necessary 13C spectra. On the other hand it would serve as an excellent test for the procedures based on analyses of chemical shifts.
